Abstract. Gynodioecious papaya (Carica papaya L.) seedlings in commercial cropping systems in Hawaii are typically multiple-planted and thinned upon fl owering to a single hermaphrodite because seedlings segregate for sex expression. Use of clonally propagated hermaphrodites would eliminate the over-planting practice and may provide other advantages. Yields of clonally propagated hermaphrodites were compared with single-and multiple-planted seedlings in three fi elds on two islands in Hawaii. Cloned hermaphrodites were either rooted cuttings or in vitro micropropagated plants. Clonally propagated plants bore ripe fruit 1 to 3 months earlier than thinned seedlings and had signifi cantly higher early and cumulative yields. At each site, cumulative yields of thinned seedlings never reached the same level as those of clonally propagated plants. The yield benefi t from clonally propagated plants was greatest at Keaau, the lowest sunlight and least productive test site.
Hermaphrodite papayas (Carica papaya L.) are important in commercial papaya production in many tropical and subtropical regions of the world. Germinating seed from self-fertilized hermaphrodites segregate two hermaphrodites to one female (Storey, 1953) . The sex of vegetative seedlings is indistinguishable except by DNA analysis such as the polymerase chain reaction (PCR) testing for hermaphrodite-specifi c DNA bands (Deputy et al., 2002) . Therefore, commercial growers typically transplant at least fi ve seedlings per planting hole to have a good probability of having at least one hermaphrodite tree standing for orchard production. The multiple-planted seedlings compete for nutrients and sunlight until fl owering 3 to 4 months after transplanting at which time females and extra hermaphrodites are removed.
Cropping systems using hermaphrodite plants would eliminate multiple-planting and the competition and thinning associated with this practice. Fields can be established with clonally propagated rooted cuttings (Allan, 1964 (Allan, , 1993 or micropropagated plants (Chan and Teo, 2002; Drew, 1988; Drew and Vogler, 1993; Fitch et al., 2005) . Growth of micropropagated 'Rainbow' papayas (Manshardt, 1998 ) was compared to rooted cuttings, single hermaphrodite seedlings, and thinned seedlings in three locations in Hawaii (Fitch et al., 2005) . That study corroborated those of Allan (1964) , Chan and Teo (2002) , Drew (1988) , and Drew and Vogler (1993) by showing that rooted cuttings and micropropagated plants fl owered earlier and lower on the trunk compared to seedlings. Micropropagated papayas and rooted cuttings were also shorter in stature compared to seedlings. The question remaining to be answered is: what is the effect of the different ways of establishing the papaya crop on fruit yield? We address this question with this report on papaya fruit yield and its characteristics at the three locations in Hawaii.
Materials and Methods

Plant materials
All experiments were conducted with the papaya ringspot virus (PRSV) resistant commercial papaya hybrid 'Rainbow.' 'Rainbow' seeds were gifts of Richard Manshardt, University of Hawaii. Methods involved in the production of in vitro-grown micropropagated plants, cuttings rooted in the greenhouse, PCR-identifi ed hermaphrodite seedlings, and multiple-planted, thinned seedlings used for the experiment were described previously (Fitch et al., 2005) .
Field sites
Keaau. The fi rst established and most extensive test was at Keaau on the island of Hawaii. The test was installed on 30 Apr. 1998 in Papai, an extremely stony soil (USDA, 1972; 1973) within a 750-to 1500-year-old lava fl ow (USGS, 1996) at an elevation of 60 m. The average daily temperature was 28 °C in summer and 23 °C in winter with a soil temperature range of 22 to 23 °C. Rainfall at this site averages 380 cm annually (USDA, 1973) . No additional irrigation is provided. The 30-year (1932-75) (How, 1978) . Helemano received about 130 cm of rain per year and, except for periods of heavy rainfall, was drip-irrigated at 92 to 137 m at 6 m elevation (How, 1978) . The site received about 130 cm of rain per year (USDA, 1972) and, except for periods of heavy rainfall, was drip-irrigated at the same rate as the Helemano site: 92 to 137 m 3 ·ha -1 ·week -1 throughout the year.
Field test design
The experimental design was a randomized complete block with four or six replication plots containing three to fi ve treatments as subplots consisting of a single row for each treatment. hole. For the multiple plant treatment, the SDs were planted fi ve per hole (SD5), about 8 cm apart and thinned to a single hermaphrodite when fl ower buds appeared. To eliminate edge effects, each fi eld block was surrounded by at least two border rows of SD5 plants of the same age as the test plants.
At all three sites, growers applied fertilizer and pest control chemicals according to their standard practice that consisted of broadcasting a formulation of 11N-32K 2 O fertilizer around each tree or they applied the formulation through the irrigation system at 20 kg·ha -1. every fourth week during the fi rst 3 months of growth and then increased the amount to 80 kg·ha -1. every fourth week. Supplemental K 2 O fertilization was added if defi ciency symptoms appeared.
Micropropagation
A total of 350 micropropagated hermaphrodite plants were produced as described by Fitch et al. (2005) . Briefl y, 'Rainbow' papaya seeds were decontaminated with diluted commercial bleach, germinated on water agar, proliferated on modifi ed Murashige and Skoog (1962) medium (MS0, Fitch et al., 2005) supplemented with 0.89 µM benzylaminopurine (BA) and 1.1 µM naphthalene acetic acid (NAA), induced to root on MS/IBA medium without BA and NAA (MS0) but containing 9.84 µM indolebutyric acid (IBA), then rooted in vermiculite medium moistened with half-strength MS0 medium containing 30 g·L -1 sucrose.
Rooted cuttings
Ex vitro cuttings from stock plants of greenhouse-grown, micropropagated 'Rainbow' hermaphrodites were dipped in 0.1 g IBA per 100 g talc and rooted under intermittent mist irrigation on heating mats at 30 °C (Fitch et al., 2005) . All of the rooted cuttings in the Keaau test were derived from the same lines of hermaphrodite 'Rainbow' seedlings used in the micropropagated plant treatment. Rooted cuttings in the Mokuleia and Helemano tests were a mixture of cuttings from the greenhouse stock plants and from lateral branches of mature, fi eld-grown hermaphrodite 'Rainbow' trees. About 10% of the rooted cuttings were produced from mature trees. A total of 350 rooted cuttings were prepared for the fi eld tests.
Seedlings
About 5500 'Rainbow' seedlings were germinated for the three fi eld tests including border rows. In total, 600 seedlings were PCRtested (Deputy et al., 2002) for sex expression to obtain 252 hermaphrodite seedlings for two of the three locations, Keaau and Mokuleia. About 1700 seedlings were planted, fi ve per hole, 5 cm apart, and thinned to 350 hermaphrodites.
Since rooted cuttings were larger and thicker in diameter than seedlings, two sizes of micropropagated plants were included in the Keaau test, large micropropagated plants (MP lg ) that were equivalent in height but not diameter to the rooted cuttings (21 to30 cm tall) and small micropropagated plants (MP sm ) that were comparable to the seedlings (12 to 20 cm tall).
Data collection and analysis
The number and weight, to the nearest 0.5 kg, of fruit at color break to ¼ ripe were recorded for every tree in each subplot for 1 week each month. Data are presented as the 1-week mean per tree of subplots (plant type) within the site block per month. Signifi cance of the data was calculated from analysis of variance in treatment subplots and expressed as the least signifi cant difference (LSD) among treatments each month at P < 0.05 (Statistix 7 for Windows). Data were analyzed for the effect of location and time by combining the datasets for Keaau, Helemano, and Mokuleia. The yields reported are only a fraction of the true yields because in commercial practice, growers harvest their fi elds four or more times each month. We estimated annual yields at Mokuleia and Helemano by multiplying the 1-week cumulative yields in the eighth month (last month of harvest) by four to get a monthly estimate and then by 12 for an estimated annual yield. Unlike Keaau, the two sites on Oahu were not harvested for a full 12 months because the trees grew too tall to reach the fruit. The cumulative yield per tree in 12 months at Keaau was multiplied by four to estimate the annual yield. Annual yields per ha were estimated by multiplying mean tree yields by 1650 which is the average density of trees per ha in commercial orchards. 
A B C Results
Harvests commenced 8 to10 months after planting. Early differences in yield between plant types were most important economically; however, differences in fruit bearing height were the most striking (Fig. 1) . Yield data over 6 months of harvest at Keaau, Helemano, and Mokuleia were analyzed together to evaluate the effects of time (month of harvest), location, and plant type (Table 1 ). Replication differences were not signifi cant for any yield characteristic. The fruit weight differences were highly signifi cant (P < 0.001) for all sources of variation except replication. Differences in number of fruit per tree were signifi cant (P < 0.05) for plant type and highly signifi cant (P < 0.001) for month of harvest and location. Differences in individual fruit weight were highly signifi cant (P < 0.001) for plant type and time but not location. Since replication had no effect, the differences in each of the yield characteristics were highly significant for pooled data so that each characteristic was separately analyzed for the 1-week harvest of each month.
The weight and number of fruit per tree per week for each month in Keaau varied significantly with time among plant types (Table 2) . However, the individual weight per fruit did not differ between plant types.
Both types of clonally propagated plants, CTs and MPs, had signifi cantly higher number and weight of fruit in the fi rst 3 months of harvest compared to SD5 plants (P < 0.05). Yields of the MP sm and SD1 plants were not signifi cantly different. Weight of fruit per tree at the fi rst harvest, 9 months after transplanting, was closely correlated to the percentage of trees in bud in the third month after transplanting (Fitch et al., 2005) . The r 2 correlation coeffi cient was 0.9758 (P < 0.002), suggesting that a high percentage of budding in the third month of growth is a good predictor of high yields. Although hermaphrodite seedlings (SD1) were single-planted like CTs and MPs, their harvest yields were less than those of the clonally propagated plants at the third harvest (Table 2, Fig. 2) . After the third harvest, the fruit weight and number of all plant types were generally not signifi cantly different. The early high yields of clonally propagated plants produced 8 months of signifi cantly higher cumulative yields compared to SD5 (P < 0.05), Fig. 3A ). Subsequent cumulative yields were not signifi cantly different but yields of clonally propagated plants continued to be the highest for the rest of the crop cycle (Fig. 3A) .
The early yield of SD5 plants in Helemano was signifi cantly higher than that of CTs in the third harvest only, thereafter the yields were not signifi cantly different (Table 3) . MP yields were higher than SD5 plants for the fourth and fi fth harvests. In general, the differences among plant types diminished with crop development over time. Individual fruit weight varied in each month but in no obvious pattern. Correlation between percentage of trees in bud in the third month of growth (Fitch et al., 2005) and yield per tree in the third harvest was high with r 2 = 0.9673 at P < 0.12. The high early yields of MPs and CTs in Helemano resulted in cumulative yields that were signifi cantly higher than those of SD5 plants throughout the cropping cycle (Fig.  3B) . The early yield advantage of the clonally propagated plants was never surpassed by SD5s for the duration of the experiment when all treatments were essentially the same.
The large differences in yield of fruit between plant types in Keaau (Table 2 , Fig.  2A) were not evident in Mokuleia (Table 4 , Fig. 2C ). The largest differences measured in Keaau were in the second month of harvest only. In this harvest, signifi cantly higher yields were recorded for CTs and SD1s compared to SD5s, and the number of fruit per tree was signifi cantly higher for CT and SD1 plants compared to SD5 plants. The yield of MPs was not signifi cantly higher than thinned seedlings. Although there were no signifi cant differences in earliness of fl owering in the second month of growth in Mokuleia (Fitch et al., 2005) nor in yield during the second month of harvest (Table 4) , there was good correlation between the percentage of plants in bud and yield, r 2 = 0.89, P < 0.05. Cumulative yields of CT and SD1 plants were signifi cantly higher than SD5 plants for two out of eight harvests in Mokuleia (Fig. 3C) . After the third harvest, the cumulative yields maintained a constant difference. Cumulative annual yields extrapolated from the eighth and fi nal harvest to estimate annual yields for Helemano showed that MPs were the most productive at 259,875 kg·ha -1 , followed by CTs, 220,077 kg·ha -1 , and SD5s, 203,247 kg·ha -1 (Table 5 ). All yields are considered to be extremely high for papaya. The calculated annual cumulative yields for Keaau, 84,200 to 118,223 kg·ha -1 , were close to the yield reported for a fi eld test of 'Rainbow' in Puna in lava soil, 121,000 kg·ha -1 (Ferreira et al., 2002 
Discussion
Clonally propagated papayas were reported to bear fruit earlier and lower on the trunk (Allan, 1964 (Allan, , 1993 Chan and Teo, 2002; Drew, 1988; Drew and Vogler, 1993; Fitch et al., 2005) , and to have higher yields compared to singleplanted seedlings (Drew and Vogler, 1993) . The experiment presented here corroborates the Drew and Vogler (1993) study and is the only one comparing clonally propagated trees, single-planted seedlings, and multiple-planted then thinned seedlings, the latter being the typical cropping system used in many papaya growing operations worldwide. Additionally, since the experiment was carried out in three divergent locations, the environmental effects on yield of papaya, regardless of cropping system, are important considerations for growers.
Annual cumulative yields extrapolated from one harvest per week for each month for all cropping systems, CTs, MPs, SD1s, and SD5s, were higher in Mokuleia than in Keaau by 66%, 69% to 74% (MP lg and MP sm ), 46%, and 54% (Table 5 ), respectively. Helemano had the highest yields for all three plant types, CTs, MPs, and SD5s (Table 5 ), higher than in Mokuleia by 20%, 39%, and 20%, respectively. The locations differ in average daily solar radiation, average winter and summer temperature and rainfall, and in soil type. Planting time was comparable in Keaau and Mokuleia. Fields were established about 1 year apart in mid-spring and early spring, respectively, enabling the young transplants to grow through the juvenile phase in the beginning of the warm spring and summer growing season. On the other hand, trees in the late autumn Helemano planting spent the juvenile phase in winter. Helemano had the highest solar radiation and elevation but lowest average temperatures and moderately fertile soil. The early yields at Helemano were low 11 months after planting and comparable to those in Keaau (Tables 4 and  2 ) and in contrast to Mokuleia (Table 3) . But later in the harvest cycle, Helemano yields in the 12 th to14 th months after planting were very high. The peak yield for the clonally propagated plants occurred in the 12 th month after planting while the thinned seedlings peaked in the 14 th month. This extraordinarily high yield could be due to a combination of planting time and high solar radiation. Drew and Vogler (1993) 
C B A
reported that in Australia, the normal planting time is just prior to winter. Over-wintering may allow plants to build up reserves of nutrients to produce many fruit early in the cropping cycle. The fact that both clonally propagated trees and thinned seedlings in Helemano showed high yields suggests that for that location and perhaps others, planting a crop in late autumn is a good cropping practice. Cumulative yields of most of the clonally propagated plant types in all three locations were never surpassed by those of seedlings. The exceptions were micropropagated plants in Mokuleia that yielded less than thinned seedlings and single-planted seedlings that out-yielded all other plant types. Mokuleia with its high temperatures and soil fertility and low elevation may foster such rapid growth and development of seedlings that the use of clonally propagated plants may not be justifi ed for yield. However, the shorter harvest height of clonally propagated plants (Fitch et al., 2005) could provide suffi cient savings for the grower to invest in cloned plants. Helemano and Keaau showed the highest yields by clonally propagated plants compared to thinned seedlings, justifying use of cloned plants. Keaau with its low solar radiation, soil fertility, and yields, may benefi t most from use of clonally propagated plants. Although SD1 plants did not have to compete for light and nutrients during early growth, some juvenile factor(s) apparently affected yield in Keaau as had been observed for growth (Fitch et al., 2005) . This juvenility factor was most pronounced in Keaau seedling yield. The slightly lower yield of SD1 compared to SD5 suggests that in Keaau, multiple-planting was not detrimental to seedling yield as was juvenility.
Yield data from the lava fi elds planted in the springtime corroborate those of Drew and Vogler (1993) who reported that micropropagated papayas planted in the springtime had higher yields than single-planted seedlings. Yields of the fall-planted Helemano site, however, are contrary to those of Drew and Vogler (1993) who reported that micropropagated plants established in the cooler winter season did not show a yield advantage over single-planted seedlings. Micropropagated plants were the highest yielding group in Helemano. Drew and Vogler (1993) reported that planting date affected node number and maturation. The milder winters in Hawaii may not affect plant development as much as in Australia where dioecious, cold tolerant cultivars are grown. Drew and Vogler (1993) observed that plants micropropagated from adult tissues but not juveniles (inconsistent results) had higher yields than single-planted seedlings when planted in spring. We did not differentiate between micropropagated plants from seedlings or mature plants; however, Mean values within a column followed by different letters indicate signifi cant differences among treatments (P < 0.05) according to ANOVA (LSD).
x ND = no data taken. x Mean values within a column followed by different letters indicate signifi cant differences among treatments (P < 0.05) according to ANOVA (LSD). w Mean values within a column followed by different letters indicate signifi cant differences among treatments (P < 0.05) according to ANOVA (LSD).
